A series of heterobimetallic transition metal substituted polyoxometalates (TMSPs) W12O40] 6-and demonstrate the same MPCT transition as the plenary complex, but have shorter excited state lifetimes (sub-300 ps in aqueous media). The decreased lifetimes are rationalized on the basis of nonradiative relaxation due to coordinating aqua ligands, increased interaction with cations due to increased negative charge, and the energy gap law, with the strongest single factor appearing to be the charge on the anion. The most promising results are from the Cr-and Fesubstituted systems, which retain excited state lifetimes at least 50% of that of [Co II W12O40] 6-while more than tripling the absorbance at 400 nm.
9-and studied using spectroscopic, electrochemical, and computational techniques to evaluate the influence of substituted transition metals on the photodynamics of the metal-topolyoxometalate charge transfer (MPCT) transition. The bimetallic complexes all show higher visible light absorption than the plenary [Co
Introduction
Molecular charge transfer (CT) chromophores are relevant to conversion of sunlight into electrical energy 1-3 or chemical fuels, 4-13 as photocatalysts for other chemical transformations, 14, 15 and a wide range of photonic applications (e.g. non-linear optics, [16] [17] [18] photo-and electroluminescence, 19-21 sensing 22, 23 ). The vast majority of these molecular CT systems are organic, or metal-organic in nature, and compared to solid state inorganic semiconductors they can offer advantages in cost, synthetic versatility for tailoring properties, and processability. However, they are typically more vulnerable to photo-and other degradation processes than semiconductors, particularly if used to drive demanding photo-redox chemistry such as light driven water oxidation. 24 Development of robust, molecular, all-inorganic CT chromophores is therefore a highly desirable goal, as these could combine the stability of solid-state materials with many of the advantages of molecular organic and metal-organic systems.
To this end, chromophores composed of heterobimetallic groups have recently attracted interest as possible replacements for organic/metal-organic photosensitizers in photocatalytic solar fuel production. In these materials, a donor and an acceptor transition metal are bound by an oxido group to form a chromophoric unit in which light absorption generates metal-to-metal charge transfer (MMCT) excited states and metal oxidation states conducive to catalysis. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] These units have been shown to act as photocatalysts for multi-electron processes, including CO2 reduction 25 and water oxidation. 27 MMCT chromophores thus represent a new class of materials that avoid some of the pitfalls of traditional organic photosensitizers and metal oxide semiconductors. However, the only molecular example so far is supported by organic ligands. 35 We are investigating polyoxometalates (POMs), a broad class of molecular metal oxide structures, as the basis for molecular all-inorganic MMCT or metal-to-polyoxometalate (MPCT) chromophores. As molecular species, these complexes combine the advantages of molecular characterization and controlled synthesis with the robustness of all-inorganic metal oxide semiconductors and substrates. Previously, we showed that coordination of Re carbonyls, or lone pair donors (Sn II /Sb III ) to POMs resulted in strong visible MPCT-based absorptions, but excited state lifetimes were too short (2 to 66 ps) to be of use in solution photochemistry. [36] [37] [38] [39] [40] At the same time, our systematic investigation of a series of four cobaltcontaining Keggin POMs, found one complex, cobalt-centered [Co   II   W12O40] 6-, with a much longer intramolecular MPCT excited state lifetime (1.7 ns in MeCN, 420 ps in H2O) but much weaker visible light absorption. 41 Analogous to other MMCT chromophores, photoexcitation of the MPCT transition in [Co , visible light absorption increases across the entire series and the CT lifetimes (up to 270 ps to H2O) are still longer than those of other molecular MPCT and lone-pair-to-POM CT systems.
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Experimental Section
General Methods and Materials. All reagents were purchased as ACS analytical or reagent grade and used as received. Syntheses were carried out in the ambient atmosphere. The identities and purities of all synthesized compounds were confirmed by infrared and UV-visible spectroscopy. Infrared spectra (2% by weight in KBr) were recorded on a Thermo Nicolet 6700 FT-IR spectrometer. Static electronic absorption spectra were acquired using an Agilent 8453 spectrophotometer equipped with a diode-array detector and Agilent 89090A cell temperature controller unit. Elemental analyses were performed by Galbraith Laboratories, Inc. (Knoxville, Tennessee). Thermogravimetric analyses (Figures S10 and S11) were acquired on a Perkin Elmer STA 6000 analyzer. Cyclic voltammograms were recorded on a Pine Research Instruments WaveDriver 20 bipotentiostat using a standard three-electrode setup equipped with a glassy-carbon working electrode, a platinum wire auxiliary electrode and an Ag/AgCl (1 M KCl) BAS reference electrode, using potassium acetate (0.500 M, pH 5) as the buffer/electrolyte. All redox potentials are reported relative to this reference electrode (~+235 mV nominal difference between NHE and the BAS electrode). II   W12O40]•12H2O (Co  II W12 ). The synthesis was adapted from published methods. [41] [42] [43] [44] Sodium tungstate dihydrate (19.8 g, 60 mmol) was dissolved with stirring in 40 mL of deionized water, after which the pH was adjusted to 7.0 using glacial acetic acid. A separate solution of cobalt(II) acetate tetrahydrate (2.5 g, 10 mmol) in 12 mL deionized water was prepared, with the pH adjusted to ca. 7 by the addition of a few drops of glacial acetic acid. Both solutions were heated with stirring until near boiling, and the cobalt(II) acetate solution was added to the sodium tungstate solution slowly, yielding a dark green solution. The mixture was boiled for 20 minutes and filtered hot. A 20 mL saturated solution of potassium acetate adjusted to pH 7.0 by the addition of glacial acetic acid was prepared while the filtrate was reheated. The potassium acetate solution was added slowly to the filtrate with stirring, precipitating a green solid. The resulting mixture was allowed to cool to room temperature and filtered, rinsing the solid twice with the filtrate. The solid was redissolved in 40 mL 2M sulfuric acid with stirring and gentle heating for 15 minutes, yielding a dark blue solution. Insoluble material was removed by filtration. The solution volume was reduced by half through gentle heating, then allowed to develop crystals via slow evaporation. The dark blue crystals collected from the mother liquor were further purified by passing a concentrated solution through Dowex 50WX8 ion-exchange resin conditioned in the K + cycle, removing a large excess of latent cobalt cations. [41] [42] [43] [44] Sodium tungstate dihydrate (19.8 g, 60 mmol) was dissolved with stirring in 40 mL of deionized water, after which the pH was adjusted to 7.0 using glacial acetic acid. A separate solution of cobalt(II) acetate tetrahydrate (2.5 g, 10 mmol) in 12 mL deionized water was prepared, with the pH adjusted to ca. 7 by the addition of a few drops of glacial acetic acid. Both solutions were heated with stirring until near boiling, and the cobalt(II) acetate solution was added to the sodium tungstate solution slowly, yielding a dark green solution. The mixture was boiled for 20 minutes and filtered hot. A 20 mL saturated solution of potassium acetate adjusted to pH 7.0 by the addition of glacial acetic acid was prepared while the filtrate was reheated. The potassium acetate solution was added slowly to the filtrate with stirring, precipitating a green solid. The resulting mixture was allowed to cool to room temperature and filtered, rinsing the solid twice with the filtrate. The solid was redissolved in 40 mL 2M sulfuric acid with stirring and gentle heating for 15 minutes, yielding a dark blue solution. Insoluble material was removed by filtration. The filtrate was reheated to boiling and potassium persulfate (1.5 g, 5.5 mmol) was added in portions until the color change from blue to yellow was complete. The volume of the solution was reduced by half with heating, then allowed to cool to room temperature. Yellow needle crystals developed overnight and were collected by filtration. The product was further purified by passing a concentrated solution through Dowex 50WX8 ion-exchange resin conditioned in the K + cycle. The eluent was evaporated to dryness using a rotary evaporator. The yellow solid was dissolved in minimal deionized water, heated to boiling, and a small amount of potassium persulfate was added to ensure complete oxidation. Yellow The solution was stirred and heated for one hour, during which time sodium ascorbate (60 mg, 0.30 mmol) was added and the solution turned royal blue. The solution was filtered, potassium chloride (10 g, 0.13 mol) was added, and the solution was cooled at 5 °C overnight to yield a blue solid. The crude product was collected by filtration, rinsed with 5 mL cold 2M potassium chloride solution, and redissolved in minimal hot deionized water. 42 Suitable single crystals were selected under ambient conditions, mounted on a cryoloop using Paratone-N oil, and placed under the cryostream at 173 K. Crystal evaluation and collection of Xray diffraction intensity data were performed using a Bruker Apex II CCD diffractometer (Mo Ka, l = 0.71073 Å), and data reduction was carried out using the Bruker APEXII program suite. 47 Correction for incident and diffracted beam absorption effects were applied using numerical methods. 48 The compound crystallized in Fm-3m as determined by systematic absences in the intensity data, intensity statistics and the successful solution and refinement of the structure. Structure solution and refinement was carried out using the Bruker SHELXTL software package. 49 The structure was solved by direct methods and refined against F 2 by the full matrix least-squares technique. All non-H atoms were refined anisotropically, H atoms were not located or refined, and the addendum Co II atom was 12-fold disordered (position modelled as 16.7% Co, 83.3% W). Crystal data, data collection parameters and refinement statistics are listed in Table S1 , an ORTEP representation of Co II Co II is provided in Figure S1 , and bond lengths and angles are tabulated in Table S2 , all present in the SI.
K5H[Co
Transient Absorption Measurements.
The femtosecond (0.1 ps -1.2 ns) transient absorption (TA) spectrometer used in this study was based on a regeneratively amplified Ti:sapphire laser system (Coherent Legend, 800 nm, 150 fs, 3 mJ/pulse, 1 kHz repetition rate) and the Helios spectrometer (Ultrafast Systems, LLC). Details about the instrument setup can be found in the previous study. 41 Samples for transient analysis were filtered with a Whatman 0.2 m PES syringe filter, measured in a 1 mm path length quartz cuvette to minimize the transient solvent response, constantly stirred by a magnetic stirrer during data collection to minimize localized thermal effects, and the solvent effect in neat buffered solvent was recorded immediately following each sample measurement. No evidence of sample degradation was seen based on comparisons of electronic absorption spectra before and after transient measurements. Detailed analysis of the transient spectra, temporal chirp correction, quantitative kinetic analysis, and global fit analysis via singular value decomposition was performed using Ultrafast Systems Surface Xplorer Pro The principal kinetic components were fit to a multiexponential decay function convoluted with the Gaussian instrument response function (fwhm: ~150 fs). , were optimized at their several lower-lying electronic states in the gas phase with no geometry constraints. Vibrational analyses were performed to ensure that all reported structures are true minima. In these calculations we used the spinunrestricted DFT method (the hybrid B3LYP functional) [50] [51] [52] in conjunction with the D95V 53,54 basis sets for O, and the lanl2dz basis set with the associated Hay-Wadt ECPs 55-57 for the W, V, Cr, Mn, Fe, Co, Ni, Cu and Zn atoms, which below will be referred to as "UB3LYP/lanl2dz". Previously, 41, 58 we have shown that the DFT/lanl2dz approach describes both low-lying electronic states and geometries of the transition metal substituted polyoxometalate anions with reasonable accuracy. Therefore, here we discuss the DFT/lanl2dz calculated geometries and low-lying electronic states of the studied anions with confidence. Solvent effects were applied as single point calculations on top of the gas phase structures and approximated by the polarizable continuum model (PCM) 59 employing the UFF 58 radii for all atoms. All calculations were carried out with the Gaussian 09 software package. Table 1 . A representative structure of the calculated systems with notation of atoms is given in Figure 1 . Full calculated geometries (Cartesian coordinates) for all reported TMSP anions in this paper, in their lower-lying electronic states, are provided in the SI (Table S4) . II , where M = Co, Ni, Cu and Zn. In these calculations, we assumed that the electron dissociates directly to the water solution, while we did not include hydration energy of the electron into our final results. Therefore, absolute values of these calculated energies should be used with caution, while the relative changes of these values could be useful in determining the nature of the oxidation process. As seen in Table 1 , the energy of these reactions is close for M = Cr, Fe, Co, Ni, Cu, and Zn, which suggests that the central Co II heteroatom is oxidized in these systems. Deviation of the calculated values from that for the system with M = Co could be used to estimate the degree of electronic coupling between the Co-and M-centers, which varies as M = Cr >> Ni Cu > Zn > V > Fe. The calculated value for the system with M = Mn is very different from that for the other anions, indicative of oxidation occurring at the addendum heterometal. Static Infrared Spectroscopy. Successful incorporation of a transition metal within the pocket of a lacunary POM was verified by infrared spectroscopy. The IR spectrum for each TMSP complex and the precursor POM complexes Co II W12, Co III W12, and Co III W11 are superimposed in Figure S2 . The plenary complexes exhibit relatively few IR absorption bands due to their high symmetry. The reduction in symmetry upon formation of Co III W11 leads to the observation of splitting of the W-O-W bands around 850 cm -1 and 750 cm -1 . This splitting is a general feature of lacunary POMs. 66, 67 The incorporation of a transition metal into the lacunary POM leads to an increase in the symmetry of the complex, causing the characteristic W-O-W splitting to disappear for all TMSP complexes.
Static Electronic Absorption Spectroscopy.
Comparison of the UV-visible absorption bands for each TMSP complex to the plenary complexes Co II W12 and Co III W12, supported by the results of our calculations, allows for definitive assignment of the electronic transitions in this series. Comparison of the absorption bands to the plenary complex will also permit an investigation into the changes in electronic structure caused by substitution of a transition metal into the polytungstate framework.
The UV-visible absorption spectra for all complexes contain strong UV absorptions at 180 and 250 nm arising from O2pW5d charge transfer transitions, a common feature in all polyoxotungstates. As previously reported, 41 the presence of a cobalt heteroatom introduces lower energy features consistent with MPCT and metal-centered electronic transitions. The UV-visible absorption spectra for this series (Figure 2 ) are consistent with previous assignments. Each complex exhibits a definitive feature centered at ~625 nm associated with the 4 A2 4 T1 d-d transition of the tetrahedral Co II heteroatom. The extinction coefficient at 625 nm is similar to that of the plenary complex, varying by less than 20% in all but two cases ( Table 2) A broad tail extending from the UV is assigned to CoW (MPCT) transitions in each complex. Here each TMSP complex has a higher extinction coefficient than the plenary complex, with increases ranging from 18% to 500% at 400 nm (see Figure S3 ). This increase is most likely the result of OM transitions introduced with the incorporated 3d transition metal, though enhancement of the MPCT transition cannot be discounted. Additional anisotropy induced by the asymmetric polytungstate framework with a 3d transition metal may result in a more intense MPCT band due to greater overlap between the ground and excited states, although interpretation of such broad absorption tails must be made with caution.
To explore the photodynamics of the MPCT excited state, it is important to consider whether the transition varies greatly upon substitution of the polytungstate framework such that another pump wavelength is necessary. The energy gap between the doubly-occupied oxygen orbitals and the empty tungsten orbitals upon substitution of the framework is relatively invariant. 68, 69 Likewise, the heteroatom within Keggin POMs is considered to be largely electronically isolated from the framework itself. 64, 70, 71 Therefore, it is reasonable to assume, and is experimentally demonstrated (vide infra), that each TMSP complex possesses an MPCT transition within the absorption manifold at ~400 nm, the excitation wavelength used in our previous study. Electrochemistry. Cyclic voltammetry was performed on each TMSP complex, the plenary Co II W12, and the lacunary TMSP-precursor Co III W11 to evaluate the influence of the substituted transition metal on the redox behavior of the central cobalt heteroatom. Cyclic voltammograms for each complex were recorded in buffered solutions at pH 5, conditions under which all complexes are stable. Full cyclic voltammograms, from oxidative (+1.2 V) to reductive (-1.0 V) potentials, were recorded ( Figures S6 and  S7) , with all complexes exhibiting pH-dependent multi-electron tungsten reduction peaks consistent with Keggin POMs (E1/2 starting at ≈ -500 mV). 72 In the case of Co II Cu II , applying a negative potential led to reduction of Cu II to Cu 0 and subsequent extraction from the POM and deposition on the glassy carbon electrode. Due to the similarities between all reported TMSPs at reductive potentials, only the oxidative processes are discussed further.
An oxidative cyclic voltammogram for Co II Co II , representative of the series, is shown in Figure 3 (summary values are provided in Table 3 , and oxidative CVs for all other complexes are shown in Figures  S4 and S5 ; full electrochemical measurements are tabulated in Table S3 ). Two pseudo-reversible redox processes are observed in Co II Co II corresponding to the Co II/III couple for the central heteroatom (E1/2 = 610 mV; ΔE = 110 mV) and the addendum pseudo-octahedral cobalt (E1/2 = 840 mV; ΔE = 140 mV), consistent with the central cobalt being oxidized at a lower potential than the substituted metal (vide supra). For comparison, the single reversible redox process observed in Co II W12 is at a more oxidizing potential (E1/2 = 870 mV; ΔE = 70 mV), and is nearly the same as that observed in Co III W11. This shift in the redox potential of the central heteroatom is consistent with the greater negative charge on the TMSP. , an isostructural system, and is assigned to a combination of protonation and disproportionation reactions. 73 In Co II Zn II , the Co II/III redox couple is observed at the same potential as in the plenary complex (E1/2 = 880 mV; ΔE = 80 mV). This result suggests that the influence of a redox-active substituted metal causes the redox couple of the central Co II heteroatom to shift to lower potentials, irrespective of the negative charge on the complex. Therefore, these complexes narrow the difference in potential between the central heteroatom and the polytungstate framework, and the resulting red-shift in the MPCT transition is reflected in enhanced extinction coefficients at 400 nm. Thus, the peak absorption of the MPCT transition can be tuned (vide infra). 75 Electrochemical measurements can be used to estimate the energy gap of the MPCT transition to consider whether a different pump wavelength is necessary, despite the transition being broad and obscured in the electronic absorption spectrum. The charge transfer transition of interest is between a filled CoTd e orbital and an empty tungsten orbital, CoeW. The total energy necessary to complete this transition is estimated as the sum of the energy gaps for CoeCot2, the primary d-d transition, and Cot2W, a lower energy MPCT approximated by the energy gap between the Co II/III and the lowest W V/VI redox couple (Table 3 ). The latter energy gap is ~1.14±0.08 eV for six of the substituted complexes, and increases to 1.38 eV and 1.33 eV for Co II V IV and Co II Zn II , respectively. The six complexes with the smallest energy gaps therefore give an MPCT transition energy of 3.13±0.08 eV (398±10 nm), while Co II V IV and Co II Zn II , with the largest energy gaps, will exhibit an MPCT transition energy of 3.38 eV (367 nm) and 3.31 eV (375 nm), respectively. In all cases, transition-metal substitution results in an estimated MPCT transition that is red-shifted relative to Co II W12 (3.39 eV; 365 nm), affording MPCT transitions close to the 400 nm excitation wavelength used to investigate them at an ultrafast timescale. Substitution of the polytungstate framework effectively tunes the peak absorption of the MPCT transition to longer wavelengths, possibly contributing to the increased absorption at 400 nm observed in the TMSP series. Figure S8 ; remaining TMSP derivatives in Figures S8 and S9 ).
The photodynamics of Co II W12 are extensively discussed in our previous report; 41 a brief description of its features and comparison to the derivative TMSP series is given here. Following excitation at 400 nm, Co II Co II produces a broad, intense absorption feature consistent with a heteropoly blue excited state. The initial state decays rapidly to a second excited state with a ground state bleach centered at 625 nm and absorption bands at higher and lower energies. These features are indicative of an excited state in which an electron has been photoexcited from the tetrahedral Co II heteroatom to empty orbital(s) located within the polytungstate framework, and are very similar to those of Co II W12. The transient absorption spectra for the other TMSP complexes reveal similar results. In each case, the initial excited state (1) decays rapidly to the second excited state (2) bearing features of the MPCT transition. Importantly, differences in the shape of the ground state bleach between the different compounds correspond to changes in the d-d manifold present in static electronic absorption spectra, confirming that the bleach always has the same origin.
Notably, however the lifetimes for both the initial (1 = 440 ± 330 fs) and second excited states (2 = 120 ± 44 ps) of Co II Co II are considerably shorter than for Co II W12, with time constants that are 54% and 72% shorter, respectively. Indeed, in all eight TMSPs, both excited states decay at a faster rate than in the plenary complex ( Figure 5 and Table 4 introduces additional (or accelerates existing) deactivation pathways. While we are yet to find an unambiguous relationship between the excited state lifetimes of these species and any single aspect of the anion structures, we can identify several factors that likely influence 1 and 2. First, deactivation of the excited state will be strongly affected by the interaction of the anion with its environment (solvent and cations). In all of the TMSPs but Co II V IV , the presence of a labile aqua ligand likely provides additional vibrational relaxation pathways to shorten both 1 and 2. [76] [77] [78] [79] [80] [81] Moreover, the increased charge on the anions vs. Co II W12 (from 6-to 7-/8-) will give rise to increased ion pairing. This is known to stabilize CT excited states, and reduce excited state lifetimes in accord with the energy gap law: 82 note that in the case of Co II W12 moving to a less polar medium was seen to dramatically increase 2. 41 41 it seems that the dominant influences on excited state lifetimes in these systems are the location of the CT donor atom, and the strength of interaction between the anion and the medium. 
